FermiSurfer is a newly developed Fermi-surface viewer designed to facilitate the understanding of the physical properties of metals. It can display the Fermi surfaces of a material, color plots of arbitrary k-dependent quantities, the Fermi surface at arbitrary cross sections (Fermi lines), cross-or parallel-eye three-dimensional stereogram views, nodal lines, extremal orbits, and highlight the occupied or empty side of the Fermi surface. In addition, various first-principles software packages can produce input for FermiSurfer. This paper explains how to use FermiSurfer and demonstrates its usefulness by investigating the origin of the anisotropic superconductivity of YNi 2 B 2 C. 
Introduction
The Fermi surface is called "the face of metal" [5] and strongly affects the properties of metals because it is the most active region in reciprocal space. The shape of the Fermi surface affects the oscillation of physical quantities that lead, for example, to the de Haas-van Alphen effect and the Shubnikov-de Haas effect [6] . Almost-parallel Fermi surfaces cause anomalies in the response functions at the corresponding wave vector (i.e., the nesting vector) [7] . Alkali metals have a spherical Fermi surface, and the electrons in these metals behave as a nearly free electrons. Conversely, the Fermi surfaces of cuprates are almost two dimensional and some of them are strongly nested [8] . MgB 2 [9] has both two-and three-dimensional Fermi surfaces, with significantly different superconducting gaps at each surface [10, 11, 12] .
By using software such as XCrysDen [13] , Fermi surfaces may be displayed as unicolor isosurfaces to reflect the single-electron energy and we can find the nesting vector. However, because these plots show only the shape of the Fermi surface, their information content is limited. To obtain more information requires the ability to plot arbitrary k-dependent quantities on Fermi surfaces, where k is a Bloch wave vector. Although VESTA [14] , which is a program for visualizing the crystalline structure and charge density of materials, can draw such plots, a VESTA Fermisurface plot especially for multiband systems involves a complicated procedure. Also, VESTA cannot display the first Brillouin zone.
To address this situation, we developed a program called "FermiSurfer" [1] to display arbitrary k-dependent quantities on the Fermi surface of a given material. In addition, FermiSurfer can plot the cross-section of Fermi surfaces, stereograms, extremal orbits and nodal lines of kdependent quantities. The program reads a simple input file that can be generated by arbitrary software and is distributed through the MIT X consortium license, so it can be used and included in all software such as Winmostar [15] . For example, the first-principles software packages, Quantum ESPRESSO [16] (the plane-waveand pseudopotential-based code) and SuperconductingToolkit [17] based on the density functional theory for superconductors [18] , can both generate files readable by FermiSurfer. This paper provides an introduction to FermiSurfer. To begin, Sec. 2 explains the method used by the program, and then Sec. 3 shows how to install it. Sec-tion 4 discusses the input-file format, Sec. 5 shows how to use its functions, and Sec. 6 explains how to connect FermiSurfer to other programs. Section 7 shows an example of how FermiSurfer may be used in a study and, finally, Sec. 8 concludes and summarizes.
Method
In this section we explain the tetrahedron method to compute the fragment of the Fermi surfaces from the grid data of the orbital energy ε k . We also explain the interpolation method to smooth the displayed Fermi surfaces. In this section we suppress the band index.
Tetrahedron method applied to patches
To draw a Fermi surface with the tetrahedron method [2] , FermiSurfer first reads the orbital energy ε k and any k-dependent quantity X k on a uniform k grid. The Brillouin zone is then separated into cells, with each cell cut into six tetrahedra [ Fig. 1(a) ], and ε k and X k are linearly interpolated to analytically compute triangular isosurface fragments. Next, in each tetrahedron, we cut out one or two triangles where ε k = ε F and evaluate X tri i (i = 1, 2, 3) at the corners of each triangle:
where ε 1 , · · · , ε 4 and X 1 , · · · , X 4 are the orbital energy and k-dependent quantity at each corner of the tetrahedron, respectively. F ij is calculated as follows [a ij ≡ (ε i − ε j )/(ε F − ε j ). we assume ε 1 ≤ ε 2 ≤ ε 3 ≤ ε 4 ]: 
(e) Triangular patches are combined into Fermi surfaces.
We compute the k points and X k at the corner of each triangular patch as shown above then paint each patch with colors linearly interpolated from those at the corner. The normal vector for simulating the lighting conditions is obtained from the Fermi velocity computed by using the central-difference method. Finally these triangular patches are combined into Fermi surfaces [ Fig. 1(e) ].
French-curve interpolation
To smooth the Fermi surfaces for display, we interpolate the energy ε k and the k-dependent quantity X nk into a k grid that is denser than that of the input. Because of band crossing, the spline, Fourier, and polynomial interpolations are not appropriate for this purpose; oscillation occurs even at points far from the kinky band-crossing point. Although the disentangled Wannier interpolation [19] is one of the most accurate methods to interpolate band structure, this method requires additional information (i.e. Bloch functions) and care with the parameters (energy window and projectors), so FermiSurfer has difficultly doing this interpolation automatically. Therefore, we use a simple French-curve interpolation [3] , which requires only the original function itself and is robust against kinky structures because of its compact formula. By using the French-curve interpolation, we obtain the interpolated functionf (x) in x = [0, 1] from the original function at four points [f (−1), f (0), f (1), and f (2)] as follows:
This interpolated functionf (x) satisfiesf (0) = f (0),
and depends only on these four points. Therefore, the effect of the kink structure at the bandcrossing point is confined to the vicinity of that point.
Installation
This section explains the procedure for installing FermiSurfer.
Executable file for Windows
The FermiSurfer package contains the source code, sample input files, documents, and the binary file bin/fermisurfer.exe for Windows. Therefore, it does not need to be built for Windows. The necessary dynamic link library files are also included.
Build by hand
For UNIX, Linux, and macOS, FermiSurfer has to be built manually. Since FermiSurfer uses the OpenGL [4] library and the OpenGL Utility Toolkit (GLUT), these libraries first have to be installed as follows: For Debian and Ubuntu $ sudo apt-get install freeglut3-dev
For Red Hat Enterprise Linux and CentOS

$ sudo yum install freeglut-devel.x86_64
For macOS, these libraries can be installed as part of the Xcode utility.
FermiSurfer can be built and installed by using
The binary files src/fermisurfer and src/bxsf2frmsf are then generated and copied into the directory /usr/local/bin/.
Input file
This section introduces the format of the FermiSurfer input file and gives examples of source code in Fortran and C to generate such a file. To compute the Fermi surfaces with a color plot of a k-dependent quantity, FermiSurfer requires the number of k grids in three directions, the reciprocal-lattice vectors, the number of bands, the orbital energy ε nk where n is the band index, and any k-dependent quantity X nk (e.g. the superconducting gap). The quantities ε nk and X nk are input as grid data. Figure 2 shows an example input file called mgb2_vfz.frmsf that is contained in the FermiSurfer package. Each component of this file may be described as follows:
(1) The number of k-grid points along each reciprocallattice vector; (2) Specify the type of k grid (available values are 0, 1, or 2). The k grid is represented as follows:
where • 0: x αi = (2i−1−N α )/(2N α ) (i.e., the MonkhorstPack grid)
3) The number of bands (4) Reciprocal lattice vector 1 (5) Reciprocal lattice vector 2 (6) Reciprocal lattice vector 3 (7) The orbital energy ε nk . By default, FermiSurfer assumes that the Fermi energy is zero. We can shift the Fermi energy by using the menu "Shift Fermi Energy", which is described in Sec. 5.3. 
Usage and functions
Launch
For Linux, UNIX, or macOS, the executable file is launched as follows:
A space is required between the command and the name of the input file (the sample input file mgb2_vfz.frmsf contains z elements of the Fermi velocity in MgB 2 ).
For Windows, we launch FermiSurfer by right-clicking on the input file, choosing "Open With ...", and selecting the binary file fermisurfer.exe. Figure 5 shows the appearance of FermiSurfer during execution. It uses two windows (the main window and the float bvec1 [3] , bvec2 [3] , bvec3 [3] ; /*Reciprocal lattice vector*/ int nk1, nk2, nk3; /*k-grid of each direction*/ int k_grid_type; /*0, 1, or 2.*/ int nbnd; /*The number of bands*/ float ****eig; /*Energy*/ float ****x; /*k-dependent quantity*/ FILE* fo; int ibnd, ik1, ik2, ik3, ierr; fo = fopen("sample.frmsf", "w"); ierr = fprintf(fo, "%d %d %d\n", nk1, nk2, nk3); ierr = fprintf(fo, "%d\n", k_grid_type); ierr = fprintf(fo, "%d\n", nbnd); ierr = fprintf(fo, "%e %e %e\n", bvec1[0], bvec1 [1] , bvec1 [2] ); ierr = fprintf(fo, "%e %e %e\n", bvec2[0], bvec2 [1] , bvec2 [2] ); ierr = fprintf(fo, "%e %e %e\n", bvec3[0], bvec3 [1] , bvec3 [2] ); for (ibnd = 0; ibnd < nbnd; ++ibnd) for (ik1 = 0; ik1 < nk1; ++ik1) for (ik2 = 0; ik2 < nk2; ++ik2) for (ik3 = 0; ik3 < nk3; ++ik3) ierr = fprintf(fo, "%e\n",
Appearance
; for (ibnd = 0; ibnd < nbnd; ++ibnd) for (ik1 = 0; ik1 < nk1; ++ik1) for (ik2 = 0; ik2 < nk2; ++ik2) for (ik3 = 0; ik3 < nk3; ++ik3) ierr = fprintf(fo, "%e\n", terminal window): The main window displays the Fermi surface, the Brillouin-zone boundary, and the color scale. A pop-up menu appears upon right-clicking anywhere in the main window. It is also possible to rotate, resize, and translate the objects by dragging with the mouse, using the mouse wheel, and using the cursor keys, respectively. Information about the input data and the figure appear in the terminal window. Some commands in the pop-up menu, such as "Shift Fermi energy", require input at the prompt in the terminal window.
Menu
We now explain the commands in the pop-up menu.
Background color
The background (Brillouin zone boundary) color is toggled between black and white (white and black).
Band
Each band can be turned on and off separately. The bands displayed are marked with an "x" in the subcommand of this command.
Brillouin zone
The type of Brillouin zone is either the first Brillouin zone or the primitive Brillouin zone (see Fig. 6 ). The first Brillouin zone is the region surrounded by the Bragg planes nearest to the Γ point, whereas the primitive Brillouin zone is a parallelepiped whose edges are the input reciprocallattice vectors.
Color bar
This command displays and hides the color scale.
Color scale mode
This command modifies the color scale used to display quantities on the Fermi surface. It has eight subcommands "Auto", "Manual", "Unicolor", "Fermi velocity (Auto)", "Fermi velocity (Manual)", "Grayscale (Auto)", and "Grayscale (Manual)". The subcommands "Auto" and "Manual" allow the input physical quantity to be plotted in color. "Gray scale (Auto)" and "Gray scale (Manual)" plot the input physical quantity in Gray scale. The "Unicolor" subcommand paints the Fermi surface in a single color. The "Fermi velocity (Auto)" and "Fermi velocity (Manual)" subcommands produce color plots of the Fermi velocity computed internally from the energy bands. Note that "Unicolor", "Fermi velocity (Auto)", and "Fermi velocity (Manual)" ignore the input physical quantity. "Auto", "Fermi velocity (Auto)", or "Gray scale (Auto)" automatically set the blue and red extremities of the color scale to the minimum and maximum values of the displayed quantity, respectively. Conversely, subcommands "Manual", "Fermi velocity (Manual)", and "Gray scale (Manual)" allow the user to set the values for the blue and red extremities of the color scale.
Equator In experiments such as ultrasonic attenuation [20] and the de Haas-van Alphen oscillation [6] , the electronic states situated on lines where the Fermi velocity is orthogonal to a vector (e.g. orientation vector of the magnetic field) dominate the response; these lines are called the extremal orbits. By visualizing quantities such as electronphonon renormalization on the extremal orbits, we can study the anisotropy appearing in these experiments. Using the "Equator" command, the user can toggle the display of the extremal orbits and modify the vector to be orthogonalized to the Fermi velocity. As an example, Fig.  7 shows the Fermi surfaces of SrVO 3 together with the extremal orbits in the (111) and (110) directions and a color plot of the Fermi velocity. This graphic shows the (110) orbit passes through the region of minimum Fermi velocity, whereas the (111) orbit does not pass through that region.
Interpolation
This command smooths the Fermi surface by using the French-curve interpolation (Sec. 2.1). This command modifies the number of extra points that are computed by using the interpolation.
Lighting
The Fermi surface is the interface between the electronically occupied and unoccupied regions. Via three commands, FermiSurfer allows the user to choose which side of the Fermi surface is illuminated: Both sides, the unoccupied side only, or the occupied side only. Figure 8 with only the occupied side illuminated. The results shows the electron pocket at the corner of the Brillouin zone and the hole pockets at the center of the Brillouin zone.
Line width
This command modifies the width of the Brillouin-zone boundary, the nodal line, etc.
Mouse drag
This command changes the effect of a mouse-left-drag. The three associated subcommands "Rotate", "Scale", and "Translate" rotate objects along the mouse drag, resize objects with an upward or downward drag, and translate objects along the mouse drag, respectively.
Nodal line
This command toggles on and off the line on which the k-dependent quantity is zero (i.e., the nodal line).
Section
This command allows the user to display a twodimensional plot of the Fermi surface from an arbitrary cross section of the Brillouin zone. This command has three subcommands: "Section", "Modify section", and "Modify Section (across Gamma)". The subcommand "Section" toggles on and off the two-dimensional plot of the Fermi surface. The subcommand "Modify Section" and "Modify Section (across Gamma)" allow the user to specify the cross section. With these two subcommands, the user specifies a vector in reciprocal fractional coordinates, and the cross section is vertical to this vector. With the "Modify Section" subcommand, the cross section is perpendicular to the tip of the specified vector [ Fig. 9  (a) ]. Conversely, the "Modify Section (across Gamma)" subcommand puts the Γ point in the cross section [ Fig. 9  (c) ]. In the latter case, the length of the specified vector is ignored.
Shift Fermi energy
This command shifts the Fermi energy (which is zero by default) to an arbitrary value. This command first displays in the terminal window the current Fermi energy and the minimum and maximum energy in the input file. The user then inputs the new Fermi energy at the prompt in the terminal window, and the new Fermi surface is displayed.
Stereogram
This command toggles on and off the stereogram (parallel eye and cross eye; see Fig. 10 ). It contains three subcommands: "None", "Parallel", and "Cross". In the default setting "None", the stereogram is not shown. The "Parallel" and "Cross" subcommands display a paralleland cross-eye stereogram, respectively. 
Tetrahedron
This command allows the user to change the direction in which a tetrahedra is cut from a cell [ Fig. 1 (a) ].
Viewpoint
This command changes the viewpoint. It has three subcommands, "Scale", "Position", and "Rotation", which allow the user to change the size, position, and orientation of objects, respectively. For each subcommand, the current value is first displayed, then the user is prompted to input a new value in the terminal window.
Interface for other programs
This section explains the interface between FermiSurfer and other programs.
Converting BXSF files
Input files for FermiSurfer can be generated from a XCrysDen input file [13] (i.e., from the bxsf format) by using the utility program "bxsf2frmsf", which is included in the FermiSurfer package.
Quantum ESPRESSO
Quantum ESPRESSO [16] is a first-principles software package that bases its calculations on plane waves and pseudopotentials.
Since version 6.2, Quantum ESPRESSO can generate files for FermiSurfer to plot the Fermi velocity and the atomic orbital character on Fermi surfaces. The Fermi velocity on the Fermi surface affects the conductivity and other properties, so knowledge of the anisotropy of this velocity is important for things such as the thermoelectric materials. Moreover, when the contributions from each atomic orbital vary on the Fermi surface, various quantities become anisotropic. Section 7 discusses an example of such a case.
Superconducting-Toolkit (SCTK)
Superconducting-Toolkit (SCTK) is a software package based on the density functional theory for superconductors (SCDFT) [18] that computes the superconducting gap ∆ nk and the transition temperature. SCTK can generate files for displaying the superconducting gap in FermiSurfer. This is done as a postprocess after obtaining the gap function by self-consistently solving the gap equation of SCDFT. SCTK can also compute the electron-phonon renormalization
and the screened Coulomb potential
where ω qν is the phonon frequency for wave number q and branch ν, ε nk is the Kohn-Sham eigenvalue for wave number k and band index n, g qν nkn k+q is the electronphonon vertex between Kohn-Sham orbitals (n, k), (n , k+ q) and the phonon (ν, q), and V nkn k+q is the screened Coulomb interaction between Kohn-Sham orbitals (n, k) and (n , k + q). We discuss an example of this function in Sec. 7.
Examples
This section discusses the use of FermiSurfer to investigate the anisotropic superconductivity in YNi 2 B 2 C [23, 24] . Although this material is a conventional phononmediated superconductor, it has highly anisotropic superconducting gaps [25, 26, 27, 28] . Figure 11(a) shows the superconducting gap computed with SCTK [17] . Smallgap (large-gap) regions appear at the corners (center) of the Brillouin zone. The same tendency appears in the color plot of the electron-phonon renormalization [ Fig.  11(b) ]. Therefore, the anisotropy of the superconducting gaps comes from the anisotropy of the electron-phonon interaction. The origin of the anisotropy of the electronphonon interaction is traced as follows: Figure 11 | ϕ nk |φ τ,n=3,l=2,m | 2 ,
where ϕ nk is the Kohn-Sham orbital for the wave number k and band index n, and φ τ nlm is the atomic orbital whose principal, angular momentum, and azimuthal quantum numbers are n, l, m, respectively. Based on this and the previous figures, we see that locations of strong Ni 3d correspond to small electron-phonon interaction, and vice versa. Further study [17] indicates that the Ni 3d state, which is localized around Ni atoms strongly screens this electron-phonon interaction. In contrast with YNi 2 B 2 C, MgB 2 [9] exhibits a separated multiband superconductivity [10, 11, 12] , so continuous multiband superconductivity occurs in this material because of the variation of the hybridization on the Fermi surface.
Summary
We present herein FermiSurfer, which is a Fermi-surface viewer designed to facilitate an intuitive understanding of electronic states in metals. FermiSurfer reads the orbital energy ε nk and an arbitrary k-dependent quantity X nk , and displays the corresponding Fermi surface color coded to indicate the value of the given quantity on the Fermi surface. Furthermore, FermiSurfer can display stereograms, nodal lines of the given quantity, cross section of the Fermi surface at any plane, and illuminate either the occupied or unoccupied side of the Fermi surface. Various firstprinciples software packages can generate data files readable by FermiSurfer, several examples of which are used to demonstrate the benefit of using FermiSurfer.
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